CHAPTER III

GENERAL NATURE OF THE GENETIC CODE*
F. H. C. Crick, University of Cambridge, Cambridge, England

I have taken as my title “The General Nature of the Genetic Code”
because we do not vet know the genetic code in detail, although we certamly
hope to do so before very long.

We believe that genes are made of nucleic acid. It need not concern us
at this stage whether it is DNA or RNA, double-stranded or single-stranded.
We also believe that one of the main functions of genes is to determine the
amino acid sequence of proteins. There may be other functions but this
function is certainly an important one.

In addition, proteins have to take up their correct secondary and
tertiary structure. I shall assume here without further discussion that the
folding of a protein is mainly dictated by its primary structure.

The genetic code, then, covers the problem of how the sequence of bases
in a particular piece of nucleic acid determines the sequence of amino acids
in a particular protein. There appear to be four common bases in nucleic
acid: guanine, adenine, thymine (or uracil) and cytosine. It is true there
are a few rarer ones, most of which can be described as having additional
methyl or hydroxymethyl groups. We cannot be sure that they do not have
some important function in the genetic code, but this is not very likely.

It is an interesting speculation as to whether we could have nucleic acid
with six bases: that is, three base-pairs instead of two base-pairs. Dr. Alex
Rich, a little time ago. did make a suggestion along these lines (Rich, 1963),
but we can say fairly categorically that at the moment we have no indication
of a third base-pair in any bhiological material.

The polypeptide chains of proteins are made from a standard set of
twenty amino acids. Again you could argne about the numher twenty. h
does not include hydroxyproline, phosphoserine, and certain other amino
acids which are certainly found in true proteins, Nevertheless, for reasons
which T have explained elsewhere (Crick. 1963). T think the siandard set
of twenty is probably the correct one.

I shall assume, therefore, that we have four standard bases in nucleic
acids and twenly standard amino acids in proteins. Moreover the bases and
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the amine acids are hasically the same throughout Nature. It does not matter
what organisn one looks at -— animal, plant, or micro-organism — one
always finds in them the same standard set of amino acids and the same
four bases.

It might be thought that solving the genetic code would be straight-
forward, but this is not so, since although it is possible, in favourable
circumstances, to determine the amino acid sequence of a protein, it is at the
moment technically almost impossible to discover the base sequence of the
corresponding piece of nucleic acid. Consequently less direct methods than a
detailed comparison of two corresponding sequences have to be used.

The first assumption I shall make is that the genetic code is fairly simple.
In other words, that the relationship between the sequence of four things in
the nucleic acid and the twenty things in the protein is not an elaborate one
but is relatively straightforward. The main justification for this is that the
code has to be translated by biochemical machinery, and although we know
that this is fairly complicated we do not think it is exceedingly ingenious
and intricate. I shall assume that for each amino acid there will be a small
group of bases on the nucleic acid which codes it, and I shall call this group
a “codon”.

All codons cannot consist of just two bases, because we have only four
allernatives in each position, so we can only construct a maximum of sixteen
different pairs of dinucleotides, whereas we need twenty for the amino acids
and certainly one or two more in addition as punctuation marks. Groups of
three hases would provide sixty-four possible codons, and this is now
believed to be the correct answer.

It has been widely assumed that the genetic message and its translation
were co-linear. That is, that the order of the codons on the nucleic acid was
the same as the order of the corresponding amino acids in the protein. Until
recently there was very little evidence for this, although it was confidently
predicted that it would soon be found.

Strictly speaking we still do not have such evidence but it has been
shown recently by two groups of workers that the genetic map of a gene is
co-linear with the amino acid sequence of the protein controlled by that gene.

A genetic map can be constructed by the standard methods of genetics.
The essence of the matter is that two different versions of the same organism,
which differ in having mutations in somewhat different places, are mated
together in some way so that genetic recombination takes place. It is found
that when these two differences are far apart on the genetic map recombina-
tion is common: on the other hand, when these differences are close together,
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recombination is rather rare. By this method, and extensions of this method
it is possjble to put genes in order on the chromosome and in more recent,
years, using micro-organisms, to put different sites within a single gene into
a linear order. The classic work on mapping within a gene is that of Benzer
on the rll locus of bacteriophage T4 (Benzer, 1959 and 1961). In these
genes he found several hundred different sites and by an ingenious method

(.cal]ed deletion mapping) he was able to show that they could be put in a
linear order on the genetic map.

Dr. Yanofsky and his colleagues (Yanofsky et al. 1964) have worked
on th:e A protein of the enzyme tryptophan synthetase of Escherichia coli.
A Sel:les of mutants was picked up, mapped genetically and thus put into a
fleﬁmte order. The corresponding protein was isolated, purified and part of
15.3 amino acid sequence determined. For each mutant the amino acid altera-
tion was pinpointed in the sequence. As was expected the two orders, that
?f the mutants on the genetic map and that of the corresponding alter;tions
in the polypeptide chain, were the same.

Sl:fortly after this work was published some colleagues of mine at
Cambridge, Dr. Sarabhai, Dr. Brenner and Dr. Stretton together with Dr,

Bolle from Geneva (Sarabhai et al. 1964) al duced .
which led to the same result. ) slio prodiiced some evidence

They used a special sort of mutant called “amber” mutants. Such mutants
are found in all sorts of genes, not only in the genes of the virus, but also
in the genes of the host. They are characterized by the fact that’they can
be sr.!ppressed. They were able to show that what an amber mutant does is to
terminate the polypeptide chain at a particular point. In other words, instead
of producing a complete polypeptide chain the cell makes the protei:1 (from
the amino end), but only up to a certain point, and then releases it.

Using proteoytic enzymes they chopped the polypeptide chain into a
num-ber of peptides and they looked to see, in each case, whether certain
peptides were made or not. By this means they were able to tell, for cach
mutant, whether it made a long polypeptide chain or a short one. and so
they could put all the mutants in order, using only the methods u; protein
chemistry. At the same time they constructed a genetic mmap, using only
genetic methods, and found, as expected, that the two orders we;re lheﬂﬁanu:.

We thus have two examples to make us feel reasonably happy that the
gene and the protein it controls are colinear, and 1 think that in the course

of time more evidence, from different proteins. in different organisms. will
accumulate.

It t.vas thought at one time that the genetic code might be of the
overlapping type. That is, that a particular base might belong to more than
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one codon. This now seems very unlikely, sil.lce almo.st all .I:;ut:fnt; ewr;fll:
have been studied show a change 13f only. a; single :u:ungna:iclm.ulams oode
overlapping one we should certainly expect to : .
::;Z i:anged :Jnf t\fo or three (adjacent) places in the plolygeptlde ::il::ll;i
The evidence comes from the work of Dr. Yaflofsky already II.IBII{ ned
and from studies on abnormal human haemogl?bms and the prot:e:: ;962)
bacco Mosaic Virus (Wittmann and Wittmann-Liebold, 1963; Tsugita, A

It is not yet certain that the bases making up a codon. are adjacent or:
the polypeptide chain, although we have ntheason tob'thl]?k th:r :::kn:f
t, in di i i t that the recent biochemic
Dr. Stent, in discussion, pointed ou - .
l(..eder and’ Nirenberg (1964) makes it very likely that codons consist of

three adjacent bases).

1f the code is of the non-overlapping type lhefre must be someﬁng \ln:hlch
decides how the message is split up correctly into g:oups c’}f1 be: toat:oﬁs.
Otherwise the message might be read “out of ph.ase anc.l thus e ol 03;
incorrect. There are, of course, two ways of reading a tnplt: c; e ‘;er !
phase, one corresponding to beginning one base too early ]:n. ;d ebo e
beginning one too late. From evidence (Crick et al.' 1961) o tain beliiv el
ing two adjacent genes joined together by a geneflc .deletlon we pelieve L
is done in the most obvious way. That is, by' beginning at so];ne xt a]:ime
in the sequence and reading along from there in steps of three bases a .

This genetic work also suggested very strongly that codons 'consmt of
three bases, rather than four or five or some other nuhmber.T'Eh?r ;v.flden.:-::t :::::
i i idi the ril locus of phage T4. These m
obtained using acridine mutants of lo . o e
to the addition or subtraction of a base
behave as though they were due ! ' o base (or
i i -ather than to one base being chang
bases) in the genelic message, ra . . :
another, though this interpretation will be more certain when 1.t becomes
L
possible to study the amino acid changes produced by such mutations.

1t was found that when three mutants of !ike type (ef{ch the addlh::nt;.:i
a single base, say) were combined by genetic mel-hods 1{:101 one g.fln ,aim
gene still functioned, whereas the same mutants, either sing 3{ or ld :;too(i
made the gene completely inactive. Su'ch results are mosl. ealsl y LI:no;a stood
if every codon consists of three bases. The recent biochemical wor

and Nirenberg (1964) appears to confirm this.

Our recent more detailed knowledge of the g:ellelic c?de .hashcotmel-::;(l)::
experiments using cell-free systems which synthesize proteins in the f&e mlein.
The advantages of such systems are not mll}( that the separalehsteps o cin e
synthesis can be more easily studied in this way, l'Jl.l[ alsTl l.a: Orlelact oad
molecules to them which cannot pem:trafe ea§|ly, if at all, into .1:135 1 el
The system most used is obtained from E. coli. though other sources,
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ing mammalian ones are also employed. In outline it consists of ribosomes,
S-RNA molecules, activating enzymes and various “soluble” factors, which
are probably protein, in addition to amino acids, ATP (as an energy source)

and GTP. The recent review by Watson (1964) should be consulted for
details,

In the cell the genetic information in DNA is copied onto single-
stranded RNA by the enzyme RNA polymerase, and the messenger RNA
(m-RNA) thus produced is then “read” by the ribosomes. In the cell-free
system various artificial m-RNA molecules can be added and their effect on
amino acid incorporation studied. The break-through came when Nirenberg
and Matthaei (1961) showed that polyuridylic acid, used as m-RNA, pro-
moted the incorporation of phenylalanine into polypeptide chains. Thus one
codon for phenylalanine is presumably UUU. Subsequent work mainly by
Nirenberg and his colleagues and by Ochoa and his group have shown that
polyadenylic acid codes lysine, and that polycytidylic acid probably codes
proline, In addition by using mixed polynucleotides, with random or semi-
random sequences, it has been possible to allocate a fajr number of the 64
possible triplets to the various amino acids, though triplets high in guanine
have proved difficult to study, since polynucleotides tend to have too much
secondary structure if their guanine content is high. Of course by these
methods alone it has not been possible to obtain the order of the three bases
in a particular codon, but only the composition of the codon. Two reviews

(Nirenberg et al. 1963; Speyer et al. 1963) provide a good summary of the
results obtained by these methods.

Among other things the evidence strongly suggested that there is, in
general, more than one codon for each amino acid; that is, that the code is

“degenerate”. It is suspected that there is one type of S-RNA for each codon.
but this has not yet been proved rigorously.

It is not yet known whether the genetic code is identical in all living
things, but preliminary studies (see the article by Weinstein, 1963) show

that it is certainly rather similar in a number of rather widely separate
organisms.

In order to obtain the order of bases within any codon it is necessary
to use polynucleotides having their bases in a known order. Khorana’s grouy
is attempting to do this by synthesizing polynucleotides with repeating
sequences. Doty’s group is also studying polynucleotides with known or
partly known sequences. Meanwhile Nirenberg has hit upon an ingenious
method for obtaining codons using trinucleotides, Only preliminary results
have so far been published (Leder and Nirenberg, 1964) but it is known
that Nirenberg and his colleagues have already determined many codons in
this way and the results will probably be in print before this article appears,
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The method depends upon the binding of specific S-RNA molec'ules to
ribosomes in the presence of a particular trinucleotide. '.I'hus GUU will help
to bind a species of valine RNA, whereas the lrinucle.otldes UGU and UUF}
will not. (The convention is that the 5’ position is wnt.len on the left.) -ll Ts
not yet clear how clean and reliable this method will become, but it is
certainly one of great promise.

Even when the majority of codons have been obtained it will be neces-
sary to confirm them by quite different methods to make sure that no artlfac.ts
have crept into the cell-free system. In particular the code s_hould expl?ln

 the various amino acid changes produced by single-step mutations, .of wluc:
many different types have already been observed. Eventuall.y this sho.ul]
enable us to see how various chemical mutagens act, as direct chemica
methods may sometimes be misleading.

There is also additional evidence to be satiea.ﬁed. Dr. Yanofsky,. f?r
example, has been able to obtain genetic recombination bet\?reen ba?ef “_rlthln
the same codon. In particular he has crossed a mutant having arginine jat a
particular place with one that has glutamic acic! there,. and has obtan.led
a genetic recombinant having glycine at that point, which 1:\*&3 the amino
acid there in the wild type (Yanofsky, 1963). Any allocation of codop
should be able to explain such a result.

We shall also need to know the so-called “nonsens.e” codons, though
my own belief is that all 64 codons will have some flfncllon .or anotller. M?:
colleagues at Cambridge are studying the codon 853001&}8{1 with the amb?‘ri‘
mutants, which, you recall can in certain cells le!‘mmale ,Ehe ]JO!}'pep-tl le
chain. They know that this mutant has to be read “in phase”, and that 1} is
related, by single-step mutations, to glutamine, trypta%)hane z‘md tyrosine.
When it is suppressed the amino acid inserted is serine. This and o‘thler
evidence has led Brenner and his colleagues lo suspect that E‘he am']’Jer triplet
is UAG, and that the related nonsense triplet (now called an och.re .mutant(]l
is UAA. Whether these are the usual triplets for chain termination, an
whether there are any more of them remains to be seen.

When the details of the code are fully eslablisht-.'d we-shall wanl to
examine its general structure. By this I mean the way in which .cudmrs al:l;
allocated to the different amino acids, and in parficular. thg relationship {11
any) between the various codons for any one amino acid [.see ‘furhexamp n.‘:,
Eck; 1963, and the review by Lanni, 1961). s ‘thm:t‘. something in the natulei
of, say, leucine which makes it inevitable that 11. will ha.ve cer;mn (:ludc;ns, 01‘
is the present code the result of a series of historical accidents? In the L‘li'l‘ll.ell
case it should be possible to deduce the whole of .llw. code from theoretica
principles. Tn the latler case this would be impossible.
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This will certainly lead us to the question of how the code originated.
It is not too difficult to see how nucleic acid synthesis could arise, but it is
almost inconceivable that the elaborate machinery for protein synthesis arose
all in one step. It must have evolved from something simpler. We do not
know whether in the primitive system there were all twenty amino acids, or
even all four bases. Perhaps only one pair of bases was present at the start.

The crucial point in all discussions about the origin of life is to see
at which point natural selection could have begun to operate. For that you

must have a replicating system of some kind, although what it was we can,
at this moment, only guess, '

However, our more immediate aim should be to determine unar-
biguously the complete code for at least one organism, say E. coli. We are
likely to have a moderately sccurate, moderately complete version of the
code before long, but it is important that each triplet should be established
beyond reasonable doubt. This will open the way to many other problems,

of which the biochemical nature of control mechanisms is probably the
most important.
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